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Bearings allow external loadings to be transferred from one raceway to the other through rolling elements, which induces strains in the bearing
constituents. In order to measure the radial component of these forces, the ﬁxed ring is inserted within a housing equipped with capacitive probes
able to measure displacements with very high sensitivity. This work mainly focuses on determining the optimal housing shape using FE
simulations and their inﬂuence on the global stress state undergone by the structure. Finally, an averaged global stiffness is computed, allowing
proper calculation of the contact forces involved in the bearing.
& 2016 Society for Computational Design and Engineering. Publishing Servies by Elsevier. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The purpose of this work, which follows previous papers
[1–3], is to use FEM simulations as a means of getting
additional information regarding displacement measurements
given by capacitive probes; i.e. the stiffness of the structure.
Using the theory detailed in Section 2, the structure stiffness
could help compute directly the forces transmitted by each
rolling element of the bearing. The presence of capacitive
probes placed in a speciﬁc ring, a bearing housing with
grooves, added to the initial bearing setup, can affect the
overall stiffness of the mechanism and interfere with proper
operation of the bearing. The objective of this work is
manifold; (a) determine the optimal shape of the sensor
housing, (b) ensure that machining a groove in the bearing
housing does not alter proper operation of the bearing; and
ﬁnally (c) build a methodology able to deﬁne an average10.1016/j.jcde.2016.08.003
16 Society for Computational Design and Engineering. Publishing
eativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Society for Computational Design andstiffness of the outer ring induced by the presence of the probe
housing, yielding an estimation of the force applied to each
rolling element. This methodology can thus be adapted to each
type of bearing assembly and each operating conﬁguration,
highlighting the relevance of capacitive probes technology in
the ﬁeld of force measurement.
The shafts of rotating machines are held in position in
housings using ball or roller bearings, basically constituted of
two raceways with rolling elements in-between. Balls as well as
rollers therefore ensure proper transmission of external loadings
thanks to localized contact zones [4–6]. In order to measure the
loads transferred from rolling elements to the ﬁxed ring, we
equip the latter with a speciﬁc housing in which capacitive
probes housings have been machined [2,1,7,8]. Capacitive
probes display a certain number of advantages, among which:
 Nanometric displacement measurement
 Contact-free measurement, granting very high robustness
 Excellent repeatability
 Negligible inﬂuence of thermal gradients
 Small size allowing convenient placement in the vicinity of
the target zone ðSo3 mm2Þ.Servies by Elsevier. This is an open access article under the CC BY-NC-ND
Fig. 2. Measurement principle.
Fig. 3. Rolling elements signatures during bearing rotation.
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 Large bandwidth (0–100 kHz)
 Easy manufacturing
Loads transmitted by rolling elements are responsible for
micrometric displacements of the bearing raceways. Under
nominal operating regime, rotating machines undergo stresses
low enough to assume that the employed materials remain in
the linear elasticity ﬁeld: the relation between the force applied
to the bearing and the resulting displacement is therefore linear
[9–11]. As a matter of fact, the displacement ﬁeld of the
raceway enables calculation of the forces transmitted by the
rolling elements. These displacements are related to the local
stiffness of the device as well as the amplitude of the applied
radial load Fr. Various parameters have a noteworthy effect on
the locale stiffness, such as:
 Young's moduli of the materials in use
 Geometry of the outer ring
 Geometry of the bearing housing
 Geometry of the probe housing
 Angular position θ of rolling elements at the apex of the
corresponding housings
In this paper, a device aiming at measuring the radial loads
transmitted by rolling elements to the ﬁxed ring is described.
We will ﬁrst brieﬂy introduce the operating principle of
capacitive probes. Next, a Finite Element (FE) numerical
study is addressed, which purpose is to evaluate the local
mechanical stiffness of the structure as a function of intrinsic
parameters of the device. To this end, after reviewing the
associated 2D FE model, the effect of the presence of probe
grooves machined in the bearing housing is investigated,
leading to the calculation of a numerical average stiffness of
each probe housing. Being directly bonded to intrinsic
characteristics of the bearing, the stiffness will enable proper
computation of the loads transmitted by each roller, using
experimental displacement measurements supplied by the
capacitive probe.
2. Displacement measurement using capacitive probes
The fundamental of the method is to measure the average
displacement on a target surface lying on the outer ring, as a
rolling element passes beneath. The target surface isFig. 1. Capacitelectrically connected to ground and stands for the movable
end of a condensator with varying spacing. The ﬁxed probe
stands for the second end (see Fig. 1).
All capacitive probes in the device are enclosed inside the
bearing housing, ensuring protection against environmental
perturbations [12]. They also feature a guard ring [1,2]. Probes
are powered by a constant electric current source using a
Howland power source (see Fig. 2).
Impedance capacitor ZC0, capacitance C0, module impe-
dance jZC0j and voltage amplitude V0 are deﬁned as follows:
ZC0 ¼
1
jC0ω
; C0 ¼ ε
Aprobe
D0


ZC0


¼ XC0 ¼
1
C0ω
¼ 1
εωAprobe
D0;
V0 ¼
1
C0ω
Iprobe ¼
Iprobe
εωAprobe
D0 ð1Þ
The parameters remain constant during measurements and
can therefore be substituted by a constant
Kprobe ¼
Iprobe
2πf εAprobe
ð2Þive probes.
Fig. 4. Different parts of the instrumented bearing.
Fig. 5. Parts identiﬁcation on the 2D model.
Fig. 6. Link-type connectors used between rollers.
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between the electrodes, as detailed in [13].
 If no loading is applied by a rolling element on the target
surface, then davgðθ;Fr;…Þ ¼ 0. Consequently:
V0 ¼ Kprobe  D0 ð3Þ
 If a rolling element transmits a load to the outer ring , then
davgðθ;Fr;…Þa0 (Fig. 2). Consequently:
Vprobe θ;Fr ;…ð Þ ¼ Kprobe


D0davgðθ;Fr;…Þ



ΔVprobeðθ;Fr;…Þ ¼ Kprobe  Δdavgðθ;Fr;…Þ ð4Þ
Knowledge of the tension variation ΔVðθ;Fr;…Þ supplied
by each probe allows computing the value of Δdavgðθ;Fr;…Þ :
Δdavg θ;Fr;…ð Þ ¼
ΔVprobeðθ;Fr;…Þ
Kprobe
ð5Þ
Should the radial force Fr transmitted by a rolling element to
the outer (ﬁxed) ring remain constant, the average displace-
ment davgðθ;Fr;…Þ of the target surface varies along with the
angular position of the corresponding roller beneath. Average
displacement davgðθ;Fr;…Þ is therefore often referred to as
“roller signature”. When the roller lies at the apex of the probehousing center, average displacement is maximal ðdavg;maxÞ.
Conversely, when the roller is the farthest from this particular
position, average displacement reaches its minimum ðdavg;maxÞ
(Fig. 3).
Accessing average displacement Δdavgðθ;Fr;…Þ is the
initial condition allowing calculation of the force Fr between
a rolling element and the outer raceway. The electronic device
presented in [2] enables very accurate measurement of
Δdavgðθ;Fr;…Þ of the target surface (see Eq. (5)). However,
the parameter connecting these two values is the local stiffness
(i.e. the mechanical stiffness of the structure in the vicinity of
the corresponding probe housing), which we will compute as a
preliminary step using FE analysis.
3. Optimal housing shape determination using FE
simulations
The numerical part of this work is intended to prove the
relevancy of the use of capacitive probes in the ﬁeld of forces
measurement, speciﬁcally for roller bearings, and thus com-
plement the analytical study detailed in the previous section.
The capacitive probes being placed in a probes support, which
is set up in a bearing housing as shown in Fig. 4, it is essential
to make sure that the measurement system does not adversely
affect the mechanical performance of the bearing. The pre-
sence of both the bearing housing and probes support may
cause harmful stress concentrations in the structure, eventually
leading to dramatic lifetime decrease. FEM will provide an
answer to that question, noticeably through analysis of
displacement and stress ﬁelds induced by external loading,
for different geometries of probe housings.
3.1. FE model deﬁnition
Given the structure symmetries and applied loading, it is
reasonable to rely on a two-dimensional FE approach in order
to characterize the probe housings geometry. Parts of the
assembly are displayed on Fig. 5.
The cage was replaced by link-type connectors, bonded to
the center of each roller (see Fig. 6). Rollers are therefore
artiﬁcially bonded to each other. This modiﬁcation makes it
possible to drastically reduce the number of contact surfaces
(which would have taken place between the cage and rollers
Fig. 8. Inﬂuence of groove presence in the bearing housing.
Fig. 9. Inﬂuence of ﬁllets on stress amplitude and distribution.
Fig. 7. Mesh details.
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global kinematic behavior of the structure: the relative
displacement between adjacent rollers is limited.
Due to symmetries in the problem, only half or quarter of
the bearing may be modeled: we chose to model the upper half
for better view of the distribution of transmitted forces. The
frame, shaft and rollers are meshed using rigid R2D2 elements
as their strain levels are far lower than those of the both rings.
Bearing housing as well as inner and outer rings are meshed
using triangular CPS3 3-node plane stress elements, a choice
guided by the problem geometry as well as the computational
cost of the simulation. The global mesh therefore consists in
1150 R2D2 elements and 27,359 CPS3 elements. Mesh has
been reﬁned in the vicinity of singular points (i.e. groovescorners) as well as contact areas between rollers and rings,
ensuring improved accuracy.
The bearing housing is considered ﬁxed while the shaft can
only translate in the direction of the applied force, i.e.
vertically in Fig. 7. As mentioned above, connectors bond
each roller to the adjacent ones, ensuring clearance conserva-
tion between them. Therefore, each roller can only translate in
the bearing plane.
3.2. Effects of probe-housings on the global behavior
Using a bearing housing in the assembly has no incidence
on the overall bearing behavior in operation. However,
F. Bogard et al. / Journal of Computational Design and Engineering 4 (2017) 29–36 33grooves machined in it may weaken the structure by generating
stress concentrations: we must therefore ensure that this
weakening remains acceptable. The static simulation, featuringFig. 11. Tested probe-housings geometries (left t
Fig. 12. Left: displacement isovalues for the Outer-Ring ( 100) ; ri
Fig. 13. Forces applied by the
Fig. 10. Visualization of vertical displacement ( 100) on upper part of outer
ring at the apex of the probe housing.a vertical load applied to the center of the shaft, indicates that
probe-housings only seem to affect the distribution of von
Mises stress, not its intensity (see Fig. 8).
Similarly, the shape of the grooves (either rounded or not)
does not affect the value of the maximum stress, but only the
stress distribution as seen in Fig. 9.
However, the grooves in the bearing housing will alter the
overall stiffness of the bearing, thus the displacement of the
outer ring as shown in Fig. 10. It is precisely this displacement
ﬁeld which will be measured and averaged by each
capacitive probe.
Various geometries of probe-housings were modeled (see
Fig. 11) in order to deﬁne a shape yielding both a sufﬁcient
displacement of the upper part of the outer ring and a
reasonable deformation of the outer ring at the passage of
rolling elements. It is worth noting that their shape as well as
approximate dimensions result from choices in experimental
techniques and space required for probe setup. Yet, despiteo right: 2 3 mm, 2 2 mm and 1 1 mm).
ght: displacement curve of the inner raceway of the Outer Ring.
rollers on the Outer-Ring.
Fig. 15. Local stiffness of roller 5 for several dimensions of the probe
housings.
Fig. 16. Stiffness of the Outer Ring at the apex
Fig. 14. Left: measurement area used for the computation of nodal displace-
ments on the Outer Ring ; right: angular positions used to measure the
displacement of each roller.
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volume, machining constraints lead us to consider three
housing topologies.
Maximum displacement (11 μm) is obviously reached at the
apex of the roller-ring contact, the value corresponding to
0.2% of the raceway radius. Fig. 12 depicts the displacement
measured on an angular portion of the outer ring which length
matches the diameter of a roller. Raceway deformation is
clearly localized at the roller-ring contact.
Bearing operation is thus unaffected by this deformation:
raceway curvature is only modiﬁed on a small zone, which
allows us to neglect consequences of the presence of probe
housings in terms of angular acceleration of the rolling
elements.3.3. Inﬂuence of stiffness decrease due to probe housings
For a given force applied to the shaft, the distribution of the
forces on each roller was calculated, along with the displacement
ﬁeld of the outer ring under each probe housing (see Fig. 14).Table 1
Average stiffness of the outer ring for different types of probe-housings and
different applied forces on the shaft.
Global force Housing geometry
2 3 mm 2 2 mm 1 1 mm
FR ¼ 70; 000 N 3,877,401,548 4,715,578,071 5,864,863,662
FR ¼ 50; 000 N 3,866,559,954 4,709,823,658 5,860,889,091
FR ¼ 25; 000 N 3,802,057,015 4,899,860,808 6,028,074,361
FR ¼ 15; 000 N 3,722,746,596 4,918,136,215 6,016,679,583
FR ¼ 5000 N 3,833,618,990 4,919,872,011 6,018,759,582
Average stiffness of outer
ring (N/mm)
3,820,476,82 4,832,654,153 5,957,853,256
of the probe-housings for rollers 4, 5 and 6.
Table 2
Applied forces and average displacement of the upper part of the outer ring, using average stiffness of 2 3 mm probe-housing.
Fradial ¼ K  dmoy Roller 3 Roller 4 Roller 5 Roller 6 Roller 7 Global force FR
davg upper part of outer ring (μm) 0,216903 1,779191 2,502688 1,777848 0,216973
Avg. 2 3 mm housing stiffness (N/mm) 3,820,476,82
Recomputed roller-wise Fradial (N) 828,67 6797,35 9561,46 6792,22 828,93 24,808,63
Num. roller-wise Fradial (N) 808,33 6829,635 9727,5 6826,624 808,22 25,000
Relative spread 2.45% 0.47% 1.74% 0.1% 2.45 % 0.77%
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facturer speciﬁes a maximum static load of 72 kN). It was
recomputed with very high accuracy using the formula by [14]
(see Fig. 13). For each roller, the resultant of nodal radial
forces was calculated, and summed for all rollers after
projection on the direction of global force FR.
Displacements are measured by averaging nodal displace-
ments of the outer ring under the probe housing over the area
shown in Fig. 14.
In order to achieve the calculation of the outer ring stiffness
in static mode, each roller was placed in three positions
between two extrema corresponding to 731 about the central
position as shown on Fig. 15. The average forces and
displacements, corresponding to these different positions, were
used to calculate the stiffness of the outer ring affected by
probe-housings, for an external loading of 50 kN.
Results are quite self-explanatory: the larger the dimensions
of the housing, the more drastic the decrease in stiffness. It is
also noteworthy that the largest loss in stiffness is located at
the central position (01) of the roller, whatever the geometry of
interest.
Curves in Fig. 16 illustrate stiffness distribution of the outer
ring for three different rollers (4, 5 and 6 in Fig. 5). Between
each probe-housing, stiffness reaches a maximum symmetri-
cally, with respect to roller 5. As mentioned above, 2 3 mm
probe housings decrease stiffness more globally, compared to
2 2 mm ones.4. Computation of the resultant external force as a function
of probe-housing geometry
For each type of probe-housing, several calculations with
different values of external loading FR were carried out. An
average stiffness for roller 5 in position 01 is calculated and
used to estimate the forces involved in all rollers as a function
of their positions, eventually enabling computation of the
external loading. Table 1 summarizes average stiffnesses for
the three housings of interest: for a given housing geometry,
the stiffness appears to be almost independent of the
applied load.
With this average stiffness in hand, it is now possible to
recompute the global loading applied to the shaft, using
average displacements supplied by each capacitive probe.
For this study, we focused on an applied radial load
FR ¼ 25 kN.Table 2 illustrates this calculation. A relative spread below
1% is obtained on the value of the force applied on each roller
and consequently, on the global load of the shaft.
This work thus proves the relevancy of a numerical model in
this study: it is indeed possible, by relying on the computation
of an average stiffness of the outer ring, to estimate the force
applied on each roller using the average displacement of the
outer ring. Experimentally, the averaged displacement ﬁeld
will be supplied by each capacitive probe. In term, this means
that whatever the housing geometry, there will be on one hand
no interference with the overall operation of the bearing, and
on the other hand, the knowledge of the average mechanical
stiffness will be straightforwardly associated to the capacitive
sensibility of the probe [3] in order to deﬁne the loads
undergone by the bearing. A possible middle-term prospect
would be to monitor the evolution of damage in a bearing, i.e.
estimate its remaining lifetime [15].
5. Conclusion
In this paper, FE analysis has been used to extend previous
works. The inﬂuence of the grooves machined in the bearing
housing has been investigated and results conﬁrm that neither
their presence nor their shape affect the global stiffness of the
structure in a signiﬁcant way. Secondly, this averaged stiffness
is computed and allows calculation of forces transmitted to the
ﬁxed ring by each rolling element, using displacement
measurements supplied by capacitive probes. This procedure
can be easily adapted to a wide range of industrial conﬁgura-
tions which would take advantage from experimental
measurements.
In the future, we plan to adapt this device to the ﬁeld of
bearing damage monitoring, by analyzing rollers signatures
under each probe. Other applications such as cranes can be
thought of: capacitive sensors providing a measurement of the
load being handled.
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